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INTRODUCTION
A. Preface
In the course of investigating the reactions involved in the
formation of methionine from homocysteine and serine, it was found
that one of the major contaminants in the purification of N5-methyltetrahydrofolate: homocysteine transmethvlase was a red pigmented
protein resembling cytochrome b 5 (1,77).

The intense absorption of

this cytochrome at 413 run has made it difficult to observe the spectrum
of the cobalamine attached to the transmethylase.

In an attempt to

find possible methods of removing the contaminant, one of the
objectives of this laboratory has been to isolate and purify this
cytochrome from porcine kidney and to investigate some of its spectral
and chemical characteristics.
B. Recognition and Distribution of Cytochrome h 5
In 1940, Keilin and Hartree (2) found, in liver homogenates,
a cytochrome with a broadoc..-band at ahout 560 nm, which they named
cytochrome b1 •

This heme protein was subsequently named cytochrome b'

by Yoshikawa (4), cytochrome m by Strittmatter and Ball (3,6), and
cytochrome b 5 by Chance and Williams (5).

The term cvtochrome b 5 is

the term used by present day workers.
Cytochrome b

5

has been found in microsomes derived from

man (13), rat (3), chicken (13), rabbit (7,11), calf (8), pig (9,13),
and monkey (13) livers.

1

2

Absorption spectra similar to that of liver microsomal cytochrome b 5 have been observed in preparations from brain (10),
kidney (14), pancreas (12), adrenal medulla (15,16), mammary gland
(12,17), and intestinal mucosa (17).
suggests that cytochrome b
reticulum (18).

5

Extensive work bv Strittmatter

is a component of the endoplasmic

II.

LITERATURE REVIEW

The first suggestion of the existence of the cytochromes was
made in 1884 by C. A. MacMunn (19).

He

based

his work on a spectro-

scopic study of different tissues of a large variety of animals.
Portions of tissue were placed between two microscope slides and
examined with a microspectroscope.

In all tissues he found a

characteristic absorption spectrum of a pigment which he called
myohematin or histohematin (depending on its source: muscle, or other
tissues, respectively).
A typical absorption spectrum was composed of four bands:

613 - 593, 567.5 - 561.5, 554.5 - 546, and about 532 - 511.5 run.
MacMunn showed that this four-band spectrum belonged to the reduced
state of the pigment and that H2o2 oxidation causes these bands to
disappear.
MacMunn's work was almost entirely ignored, due, in part, to
the criticism of the prominent scientist Hoppe-Seyler (21,22).
MacMunn had published the statement that pigeon breast muscle was free
of hemoglobin and that his myohematin was the only pigment of this
tissue.

Hoppe-Seyler clearly showed that ~igeon breast muscle, even

when free of blood, contained much hemoglobin (21,23).

He made no

mention of the major portion of MacMunn's work: that myohematin and
histohematin are widely distributed in nature, including invertebrates
having no hemoglobin.

It wasn't until Keilin showed, in 1925 (20),

that MacMunn's observations were essentially correct that the serious
3

4

study of cytochrome began.
In his paper, Keilin established the nomenclature of cytochromes, choosing the term "cytochrome" because it was less misleading
than MacMunn's "myo- or histo- hematin."

MacMunn's terms suggest that

the only source of the pigment is animal, and include the word
"hematin" which is usually reserved for iron-free porphyrin.
It was also in this paper that Keilin presented the idea that
cytochrome is not a single substance, but is a system composed of
three hemochromogen compounds which differ in their structure and
properties.

He named these different compounds: cytochrome a,

cytochrome b, and cytochrome c, after their strong~-bands: a, b,
and c.

See Figure 1.
During the next 25 years, many types of cytochromes were found

(24,25,26,27,28) and named according to the similarity of their

-band

to the original a, b, or c bands described and defined by Keilin.

It

was in 1950 that Sanborn and Williams (29) described the spectrum of a
proto-hemochromogen derived from the Cecropia silkworm, with an Cl( -band
at 558 nm and a ~-band at 521 run, which they called cvtochrome b 5 •

A

similar pigment with bands at 557, 527, and 424 nm was found by
Strittmatter and Ball (3,6) in rat liver microsomal fractions.

This

cytochrome b 5 spectrum has been also found in preparations from the
livers of rats and other animals by Garfinkel (9,31), Inouye and
Shinagawa (10), Kajihara and Hagihara (11), Klingenberg (30), and by
Estrabrook and Cohen (32).
The reduced form of cytochrome b

5

shows absorption maxima at

424, 526, and 556 nm, with a broad band from 320 to 340 nm, while the
oxidized form shows a spectrum with one peak at 413 nm, with a

5
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Figure 1.--Diagram showing the three hemochromogen components
of cytochrome.
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broad band from 355 to 370 nm.

See Figure 2.

The spectrum of reduced

cytochrome h 5 in the visible range has been shown to he the same for a
wide variety of reducing agents, such as: indigo di-, tri-, and tetrasulfonate, anthraquinone-2,7-disulfonate, benzyl viologen, sodium
hydrosulfite, cysteine, borohydride, and ascorbate (7,8,9,13,33,35,36,
41,49,50).
Since microsomal cytochrome b

5

is firmly bound to the membrane,

it is difficult to release from microsomal fractions by the usual
extraction procedures.

Strittmatter and Velick (7) originally used a

pancreatic lipase (E.C. 3.1.1.3.) to solubilize cytochrome b 5 from
microsomes of rabbit liver.

Similar procedures were used by them and

others to release cytochrome b

5

from pig (33,34,35,36), calf (8,37),

rabbit (31,38), rat (39,40) and human livers (13), as well as from
anaerobic yeast (41).

Purification in most cases involved anunonium

sulfate precipitation, pH fractionation, and ion-exchange column
chromatography (7,8,42).

Crystallization has been achieved by Raw

and Colli (43), Kajihara and Hagihara (31), Mathews and Strittmatter
(37), and Nobrega et al (13).

Each group reports crystal forms

unique from those of the other groups.
Using physical measurements and minimum-molecular weight
calculations, a molecular weight of approximately 16,900 was determined for rabbit liver microsomal cytochrome b 5 by Strittmatter and
Velick (7).

Kajihara and Hagihara (31) found a molecular weight of

10,600 to 11,500 by a similar process, plus use of sedimentation
equilibrium data, while Nobrega et al (13), by amino acid composition
analysis, found t~e molecualr weight to be 10,400 from pig liver
cytochrome b 5 •

Sephadex gel filtration has al3o jeen used by Nobrega

7
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Figure 2.--Absorption spectra of oxidized and reduced microsomal
cytochrome. EmM values were based on heme analysis by the method of
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et al (13) and the molecular weight of pig liver cytochrome b5 has
been found to be 12,500 + 200.

More recently, Strittmatter and Ozols

(36) have adjusted their values of the molecular weight of cytochrome
b5 to approximately 13,000.

The discussion of molecular weight

continues, however, and several workers have reported much higher
values.

One group maintains the molecular weight is greater than

30,000 (45), while another (44,66), using detergents to release the
cytochrome, reports a molecular weight of at least 25,000 and possibly
as high as 120,000.
Cytochrome b 5 oreparations have been reported to be homogeneous
in the analytical ultracentrifuge (8,11,18,38).

Examination by

electrophoresis, however, has shown two bands (7,33,36,39,46,47), each
band having distinct mobilities when separated and re-run.

The two

components are indistinguishable in their spectral properties (36).
Hore recent amino acid analysis indicate that the two components differ
by

one carboxy terminal glutamylserine: a net charge difference of

one (18,36,48).
It should be noted that the heme group of cytochrome b5 is iron
protoporphyrin IX (7).

Detailed studies indicate that the heme binding

is most likely at histidyl residues (8,51,67); sulfhydryl, tyrosyl,
and lysyl residues having been ruled out (8,48).
At neutral and alkaline pH values, the cvtochrome is stable (7,
33,47), and temperatures up to 50° at pH around 7.5 result in no
spectral change (7,9,11,33).
Information about the function and primary structure of cytochrome b 5 has been accumulating rapidly during the past few years.
The initial studies by Ozols and Strittmatter (52,54,55,56) on calf

9

liver cytochrome b
length.

5

established a peptide of 85 amino acid residues in

The amino acid analysis of rabbit liver cytochrome b 5 (57)

shows a composition similar to the calf liver cytochrome, differing by
only 5 amino acid residues.
comparing the cytochrome b

5

The most recent studies (58,61),
from human, monkey, pig, and chicken liver

microsomes to that from calf and rabbit liver, have established 97
residues for rabbit liver cytochrome b 5 •

The over-all similarities

which permit alignment of the peptides is shown in Figure 3.

It should

be mentioned that Spatz and Strittmatter (65) have isolated a
detergent solubilized form of cytochrome b 5 which has 44 more residues
than the cytochrome

hs isolated by the lipase extraction method.

There is no conclusive evidence concerning the function of
cytochrome b 5 in the cell.

Some investigators suggest that cytochrome

b

serves as a storage material in terminal electron transport or takes
5
part in reductive synthesis (62). Other studies point toward coupling
of oxidation with microsomal contraction (68), or participation in the
stearyl coenzyme A desaturase system (69).
The existence of a cytochrome b 5 reductase, which reduces

microsomal cytochrome b 5 by NADH + H+. has been observed by
Strittmatter and Velick (42,63,64).

The over-all reaction (18) is

shown by the following equation:

NADH + tt+ + 2 cytochrome b 5 (oxidized)

cytochrome b 5 reductase

NAD+ + 2 cytochrome b 5 (reduced).
The following discussion will be concerned with a soluble heme
protein found in pig kidneys, and the term cytochrome b 5 will refer
to this specific protein in particular.

The hemes found in other

Human
Glu-Ala
Glx
Monkey
Glu-Ala
Glx
Pig
NHrAla
Glx
Asn
Calf
1
NH 2-ser
Ala
10
Gln-Glu-Ile
20 Asn
Rabbit (Glx,Ala) Ala-Ser-Asp-Lys-Asp-Val-Lys-Tyr-Tyr-Thr-Leu-Gln-Glu-Ile-Lys-Lys-His-Asn-His-Ser-Lys-SerChicken
NH2-Gly-Ar~
Arg
Val-Glx
Asn
Gln
Human
Monkey
Pig
Calf
Rabbit
Chicken

30 Tyr
40
Thr-Trp-Leu-Ile-Leu-His-llis-Lys-Val-Tyr-Aso-Leu-Thr-Lys-Phe-Leu-Glu-Glu-His-Pro-Gly-Gly-Glu-GluIle
Val
Arg-Ile
Ile
Asp

Human
Monkey
Pig
Calf
50
60 Asn
70
Rabbit Val-Leu-Arg-Glu-Gln-Ala-Gly-Gly-Asp-Ala-Thr-Glu-Asn-Phe-Glu-Asp-Val-Gly-His-Ser-Thr-Asp-Ala-Arg-GluChicken
Ala
Human Met
Lys-Pro-Arg-COOH
Monkey
Tyr
Lys-Pro-Arg-COOH
Pig
Arg-COOH
Calf
80
90 Ile-Thr
Ser
Ser-COOH
Rabbit Leu-Ser-Lys-Thr-Phe-Ile-Ile-Gly-Glu-Leu-His-Pro-Aso-Asp-Arg-Ser-Lys-Leu-Ser-Lys-Pro-Met-Glu-Thr-COOH
Chicken
Glu
Lys-Pro-Arg-COOH
Fi~ure 3.--Composite amino acid sequence of liver microsomal cytochromes b5. The residues which are
different from the rabbit protein are indicated. From Ozols and Strittmatter (51,59);Nobrega et al (58).

....0
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tissues and cell fractions, called by this same term, may or may not
prove to be similar in physical, chemical and enzymic properties.

III. MATERIALS AND EXPERIMENTAL PROCEDURES
A.

Materials

1. Chemicals
Chemicals used in this study were obtained from the following
sources:
ation;

protamine sulfate (Salmine), Nutritional Biochemical Corporcrystalline bovine albumin, egg albumin, alcohol dehydrogenase,

cytochrome c, Sigma Chemical Company;

aldolase, Worthington

Biochemical Corporation; 4"-globulin, Mann Research Laboratories;
Sephadex G-200. DEAE-Sephadex A-50, Pharmacia Fine Chemicals, Incorporation;
2.

Bio-Rad P-2, Bio-Rad Laboratories.

Preparation of DEAE-Sephadex A-50
The DEAE-Sephadex was slowly suspended in 0.05 M potassium

phosphate buffer, pH 7.4, with continuous stirring.
by repeated washing and decanting.

Fines were removed

The Sephadex was allowed to swell

at 0° for several days, first in 0.5 M potassium phosphate buffer, pH
7.4, then in several changes of 0.05 M potassium phosphate buffer, pH
7.4.

Absorbent cotton or a glass wool plug was placed in the bottom

of a glass column and layered with 2 cm of Bio-Rad P-2 gel, previously
swollen in 0.05 M potassium phosphate buffer. pH 7.4.
a level bed for the Sephadex gel.

The Sephadex was added to the column

and allowed to settle for one hour.
wise until the gel compacted.

This provided

Excess buffer was drained drop-

The column was then washed with

liters of 0.05 M potassium phosphate buffer, pH 7.4, before use.

12

several
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3.

Preparation of Sephadex G-200 Gel
Sephadex G-200 was slowly added to a large excess of water and

allowed to swell in an 80° water bath for 5 hours.

Fines were

removed by repeated washing and decanting, first with water and then
with 0.05 M potassium phosphate buffer, pH 7.4.

The Sephadex slurry

was mixed with excess buffer and brought to a boil under vacuum to
eliminate trapped air before packing in the column.

The Sephadex was

cooled, then carefully poured down a glass rod into the reservoir and
column.

The slurry was allowed to settle for several hours, then

packed with a pressure head of 10 cm.

Care was excercised at all times

to avoid a pressure head in excess of 15 cm.

After the proper height

in the column was reached, excess slurry was removed and the column
equilibrated with 0.05 M potassium phosphate buffer, pH 7.4, at a
pressure head of 10 cm.
4.

Preparation of Calcium Phosphate Gel
Calcium phosphate gel was prepared according to the method of

Keilin and Hartree (82) as follows:

one hundred and fifty ml each of

calcium chloride solution (88.6 g CaC1 2 • 2 H2o per liter) and trisodium phosphate solution (152 Na 3Po 4 • 12 H20 per liter) were added
dropwise with constant stirring, to 160 ml of distilled water.

The

mixture was brought to pH 7.4 with 1.0 N acetic acid and the

precipitate washed 5 times by decantation with large volumes of water
(6 liters).

The precipitate was then centrifuged and suspended in 300

ml of distilled water.

14
B. Analytical Methods
1. Protein Determination
Protein concentration was determined by two methods.

During

the early stages of purification and before any column work, the
Biuret reaction was used according to the method of Gornal, et al (70).
Crystalline bovine albumin was used for standardization.

The

absorbance at 260 and 280 nm (72) was used as an indication of protein
concentration for all other steps.
2. Determination of pH
All pH determinations were made with a Sargent-Welch Model NX
single electrode pH meter.
3. Spectral Analysis
Absorption spectra were obtained with a Cary Model 15 Recording
Spectrophotometer with a one cm light path.

A Beckman Model DU

Spectrophometer was used for all other UV and visible work.
4. Polyacrylamide Gel Electrophoresis
Polyacrylamide gel electrophoresis of the protein was carried
out as described by Bruening, et al (71).

The protein was stained

for 45 minutes with Amido Black dissolved in 7.5% acetic acid solution.
Dye concentration was 500 mg per 100 ml of solution.

Destaining was

carried out by repeated washing with 7% acetic acid solution.

5. Analytical Ultracentrifu~ation
Analytical ultracentrifugation experiments were made using a
Beckman Model E Analytical Ultracentrifuge, following the procedure of

15
Chervenka (73).
6.

Molecular Weight Determination
Molecular weights were determined using procedures reconnnended

by Pharmacia Fine Chemicals, Incorporation, for both Sephadex Gel

Filtration columns (74), and Sephadex Thin Layer Gel Chromatography
(75,80).

A third method using dodecyl sulfate polyacrvlamide gel (76)

was also run.
C.

Purification of the Cytochrome

Although cytochrome b 5 is widely distributed in nature, to
date, no attempts have been made to isolate it from kidney.

In this

study, the protein was isolated from freshly frozen porcine kidneys,
which were collected at the slaughter house and frozen on solid carbon
dioxide within minutes of their excision.

These kidneys were stored

at -20° and used within one month of their collection.

During

purification, the protein was stored as an ammonium sulfate paste.
All procedures were carried out at 0-5°, unless otherwise specified.
Centrifugations were made in a Beckman Model L3-40 Ultracentrifuge
for the first step, and in Sorvall ~efrigerated RC2 and RC2-B
centrifuges for all other steps.

All buffers used were at a pH of

7.4 unless indicated otherwise.
Step 1.

Preparation of Crude Extract.--Eight hundred and fifty

grams of freshly frozen porcine kidney were thawed for ten minutes at
room temperature, finely chopped, and homogenized with 2125 ml (2.5 x
weight of kidney) of 0.03 M potassium phosphate buffer, pH 6.5, in a
large capacity Waring Blendor operated at top speed for one minute.

16
The foam was removed and the remaining homogenate was centrifuged 35
minutes at 60,000 x g.

The supernatant fraction was collected by

decantation and any residual lipid was removed by aspiration.
Step 2.

Protamine sulfate fractionation.--A 1% protamine

sulfate solution (45 ml per liter of supernatant solution) was added
dropwise, with continuous stirring, to the supernatant solution from
step 1.

The solution was stirred an additional 15 minutes after all

protamine sulfate was added, then centrifuged for 45 minutes at
14,700 x g.

The precipitate was discarded and an additional 35 ml of

the protamine sulfate solution was added as described above.

The red

supernatant solution was discarded and the precipitate collected and
dissolved in 0.05 M potassium phosphate buffer, pH 7.4.

The protein

concentration was adjusted to 30 mg per ml as estimated by the Biuret
reaction.
Step 3.

Ammonium sulfate fractionation.--Saturated ammonium

sulfate was added until the solution was 22% saturated.

This addition

took place over a one-half hour period to avoid denaturation.

After

addition, the solution was stirred for 20 minutes to allow the solution
to come to equilibrium, then centrifuged at 27,000 x g for 15 minutes
to remove the precipitated protein.

The remaining supernatant solution

was brought to a final annnonium sulfate concentration of 42% by adding
saturated ammonium sulfate solution as described above.

The solution

was stirred an additional one-half hour and the precipitated protein
removed by centrifugation at 27,000 x g for 15 minutes.

The resulting

ammonium sulfate pastes were capped, frozen, and stored at -20°.
The above procedure. outlined in Fiiure 4, was repeated daily

17

850
2 1/2 x vol of 0.03 M P1 , pH 6.5
centrifuge
Large ppt. (discarded)
1990 ml red 11 uid
0.045 x vol of 1% P.S.
centrifuge

I

Medium ppt. (discarded)
2000 ml red liquid
0.035 x vol of 1% P.S.
centrifuge

1

Supernatant solution discarded
Small ppt. (dissolved in 0.05 M Pi, pH 7.4, centrifuge)
90 ml vellow-brown su ernatant
0.28 x vol S.A.S., (0-22% sat.)
centrifuge
Small ppt. (discarded)
95 ml
0.344 x vol S.A.S., (22-42% sat.)
centrifuge
Medium ppt.

Freeze and store at -20°

Figure 4.--Diagram showing the stepwise isolation of the cytochrome
fraction in the crude steps preceeding column work.
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using freshly frozen kidney, until eight to ten grams of protein had
been accumulated.
Step 4.

Chromatography on Sephadex A-50.--The ammonium sulfate

pastes were dissolved in 0.05 M potassium phosphate buffer, pH 7.4,
and the protein concentration adjusted to 30 mg per ml using the
Biuret test to determine the initial concentration.

This suspension

was dialyzed for 8-12 hours in 0.05 M potassium phosphate buffer, pH
7.4, to remove excess salts.

After a 5 minute centrifugation at

27,000 x g, to remove any denatured protein, the solution was added
very cautiously (to avoid stirring the surface) to a DEAE-Sephadex
A-50 gel column (3.8 x 20 cm) containing about 100 ml of gel.

The

protein solution was allowed to flow at one ml per minute, or less,
until the effluent protein concentration was below 0.15 mg per ml.
Protein remaining on the column after this washing was eluted with a
linear gradient of 0.05 to 0.5 M potassium phosphate buffer, pH 7.4.
Each reservoir of the gradient apparatus contained 500 ml of buffer.
Approximately 10 ml fractions were collected at a flow rate of 1 ml
per minute.

As the cytochrome b5 is an intensely red protein, the

collection of samples was delayed until the red band had traveled
about 2/3 the length of the column.

The fractions with the highest

413/280 run ratio were pooled and a 0-50% saturated ammonium sulfate
fractionation was performed.

The precipitate was then collected by

centrifugation at 27,000 x g for 15 minutes, and immediately
resuspended in 0.05 M potassium phosphate buffer, pH 7.4.

This

resuspension was dialyzed against the same buffer for six hours.
Step 5.

Second DEAE-Sephadex A-SO Chromatography.--After a

19
5 minute centrifugation at 27,000 x g, the protein was carefully
layered on the top of a second DEAE-Sephadex A-50 column (2.8 x 11 cm)
which had been previously equilibrated with 0.05 M potassium phosphate
buffer, pH 7.4.

After the protein had passed into the gel, the column

was washed with 0.05 M potassium phosphate buffer DH 7.4, until t~e
effluent protein concentration was less than 0.1 mg per ml.

A linear

gradient of 0.05 to 0.3 M potassium phosphate buffer, pH 7.4, was used
to elute the protein remaining on the column.

Each reservoir of the

linear gradient apparatus held 250 ml huffer, initially, and additional
0.3 M buffer was placed in the reservoir after the original buffer had
run through the column.

Eight ml fractions were collected at a flow

rate of one ml ~er minute.

Fractions with the highest 413/280 ratio

were pooled and a 0-50% saturated ammonium sulfate fractionation was
carried out as:.described in step 3 above.
Step 6.

Sephadex G-200 Gel Filtration.--The ammonium sulfate

paste was resuspended in 0.05 M potassium phosnhate buffer, pH 7.4, and
without dialysis, was layered directly on the Sephadex G-200 column.
The column (3 x 100 cm) had been previously equilibrated with the
resuspension buffer.

When the protein was on the column, the elution

buffer was started and allowed to flow at its maximum, usually less
than 15 ml/hr.

Sam~les were collected at 16 minute intervals, and

had a volume of about 3 ml.

A pressure head of 10 cm was maintained

throughout the elution process.

The fractions with the highest

413/280 run ratio were pooled.
Step 7.

Batch Elution from Calcium Phosphate Gel.--The pooled

fractions from the Sephadex G-200 column were dialyzed for six
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hours in 0.005 M potassium phosphate buffer, pH 7.4.

Following dialysis

and centrifugation for 5 minutes at 27,000 x g, two mg of calcium
phosphate gel per mg of protein were added to the solution and the
slurry stirred one-half hour.

After stirring, the slurry was

centrifuged at 27,000 x g for 5 minutes.

The supernatant solution was

discarded and the remaining centrifuged gel was sucessively
resuspended in, and centrifuged from, 0.01 and 0.025 M potassium
phosphate buffer, pH 7.4.
glass homogenizer.

Resuspension was carried out in a teflon-

Both fractions were saved, however, the major

portion of the cytochrome b 5 was found in the 0.025

~

buffer fraction.

IV.

EXPERIMENTAL :RESULTS AND DISCUSSION
A.

1.

Purification Methods

General
Due to the intense absorbance of hemoglobin and other heme

proteins present in the crude extracts, cytochrome bs is not readily
detected.

It is only after the ammonium sulfate fractionation step

that the cytochrome b5 spectrum becomes apparent.
The scheme followed in the initial steps of purification is
a modification of that reported by Mangum and North (77).

These

investigators found that in their initial crude step a milky substance
remained suspended between the precipitated pellet and the supernatant extract and caused extensive losses of activity of the transmethylase, when it was included in the supernatant solution.

Their

scheme called for a careful decantation to avoid disturbing this
substance, and the step resul~ed in a substantial loss of crude
extract and of time.

Studies undertaken recently have shown no

apparent effect on the cytochrome b 5 by this milkv substance and this
extreme care in decanting the extract has been deleted.
As cytochrome b 5 is a major contaminant in the isolation of
N5-methytetrahydrofolate: homocysteine transmethylase (77,78), the
assay outlined by Mangum and North (78) was determined the most
effective purification procedure in the early steps.
The protamine sulfate step served to remove a large portion of
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the nucleic acids present in the solution, as well as any suspended
particles and some unwanted protein.
The protein appeared to be stable to freezing when salted out
in the presence of ammonium sulfate paste.

Of the fractionations

tried, a 22 to 42% ammonium sulfate saturation fraction provided the
highest yield.
This scheme was used in the early stages of nurification and
the protein was stockpiled at this point until sufficient quantities
were available for column chromatography.

The ratio of the absorbance

of the solutions at 413 nm to that at 280 nm was used as the index of
purity.

See spectra in Figure 9.

2. Purification of the Cytochrome
Cytochrome b 5 has been purified from porcine kidney to a
413/280 ratio of nearly unity.

The purification step is described

in the section on Haterials and Experimental Procedures, and is a
modification of the scheme outlined by Mangum and North (77).
As noted earlier, the extraction of the crude nomogenates from
the cell debris after centrifugation, was carried out with no special
precautions against the milky substance which loosely layered the
precipitated pellet.

This resulted in an increase of crude extract

and a savings in the amount of time needed for the preparation.
The first precipitation with 4.5% protamine sulfate was used
mainly to remove contaminating nucleic acids.

It also helped clear

the supernatant solution of any suspended particles and some unwanted
protein.

The ionic strength and pH were factors to consider, as a

firm pellet was difficult to obtain if the pH of the solution was
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above 6.8.

Potassium phosphate buffer at a pH of 6.5 and at a

concentration of 0.03 M was used in this step to eliminate this
problem.
The second protamine sulfate step served to ~recipitate the
cytochrome b 5 and was carried out using 0.01 '1 potassium uhosphate
buffer, pH 6.5.

The precipitated protein was collected in 500 ml

bottles using a Sorvall GS-3 rotor, and was dissolved in 0.5 M
potassium phosphate buffer, pH 7.4.

The high ionic strength of this

buffer caused the binding between the protamine sulfate and the cvtochrome to be destroyed and freed the protein.

This step was the first

in which the cytochrome b 5 spectrum became apparent, and 413/280 nm
ratio was usually around 0.100.
The dissolved protein solution was adjusted to a concentration
of 30 mg per ml and the ammonium sulfate fractionation was performed.
The protein-ammonium sulfate paste could be stored at -20° for several
months and at this point, the protein was stock-piled for future
column chromatography work.
The use of sucessive DEAE-Sephadex A-50 gel columns resulted
in an increase of the 413/280 nm ratio of about 3-4 times (usually to
around .33-.44).

After dial~sis, the protein solution was carefully

layered on the column and a sharp red-brown band formed at the gelbuffer interface.

Yield from both of the DF.AE-Sephadex A-50 columns

was about 30-50% of the nrotein applied to the column.

The protein

was eluted from the column by varying the buffpr conce!ltration
in a linear fashion while maintaining a constant buffer pH.

A

linear gradient of 0.05 M to 0.5 ~1 potassium phosphate buffer
was used in the elution of tl-ie cytochrome h

5

from the first DEAE-
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Sephadex A-50 column, and a gradient of 0.05 M to 0.3 M potassium
phosphate buffer was used in the second DEAE Sephadex A-50 column.
The peak in protein concentration preceeded the peak in cytochrome b 5
concentration in both columns, as shown in Figure 5 and Figure 6.
Fractions with the highest 413/280 nm ratio were pooled and a
0-50% ammonium sulfate fractionation was performed.

The ammonium

sulfate paste was then suspended in 2-3 ml of 0.05 M potassium
phosphate buffer, pH 7.4, and directly placed on the Sephadex G-200
Gel Filtration column.
Eluted fractions with the highest 413/280 run ratio were
combined and dialyzed 6 hours against 0.01 M buffer.

The protein was

eluted from the Sephadex G-200 column in one band having a 413/280 nm
ratio of about .5-.6.

Following dialysis, the terminal purification

step employing batchwise elution from calcium phosphate gel was
performed.

This resulted in a 413/280 nm ratio of from .75 to .98.

It is of interest to note that in all preparations done in
this laboratory, the 413/280 nm ratio has been less than unity.

One

exception has occurred where 2 bands of cytochrome b 5 were eluted from
a Sephadex G-200 column, with the major band having a ratio of .83
(4.3 mg), and the minor band having a ratio of 2.4 (.93 mg).

Further

attempts to obtain additional cytochrome b 5 with this high ratio have
been unsuccessful.
A sammary of the purification scheme is presented in Table 1.
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TABLE 1
Table showing the various stages of purification of cytochrome b •
5
Index of purity is the ratio of 413nm to 280 nm.
Step

Protein
mg/ml

Crude

Volume
ml

Total
Protein

413/280
Ratio

40,000

P.S.

15

37,600

564,000

A.S.

28

310

8,680

.106

1 DEAE

4.9

106

519

.268

2 DEAE

.54

104

56.2

.437

G-200

.48

43

20.6

.650

.63

3.2

2.02

.785

Ca

Po 4

3
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B. Characterization
1. Spectral Studies
a. Heat Stability.--Cytochrome b
stable to heat treatment.

5

has been found to be very

Studies of the oxidized form of the protein

at 25° show no spectral changes in the interval 250-600 run, even at

time intervals of up to 22 hours.

The protein also appears to be

stable at temperatures to 50°, as shown in Figure 7.

The drop-off in

the curve at 50° indicates a probable denaturation of the protein.
b. pH Stability.--Cytochrome b 5 in the oxidized form shows
stability in the pH range of 6.0 to 8.5.

See Fi~ure 8.

c. Oxidation and Reduction.--The Oxidized species of cytochrome b5 shows an absorption maximum at 413 nm, with a broad
band from 535 to 575 run.

The cytochrome can be reduced by sodium

hydrosulfite whereupon it shows maxima at 413, 526, and 556 nm.

The

oxidized and reduced spectra of cytochrome b5 are shown in Figure 9.
d. Autoxidation.--Cytochrome b

5

reduced in the presence of

a slight excess of solium hydrosulfite will autoxidize to yield its
characteristic peak at 413 nm in less than 10 minutes at room
temperature, at pH 7.4.
2. Molecular Weight Studies
a. Sephadex Gel Filtration.--One parmeter which helps to
characterize a given protein is that of molecular weight.
used procedure is that of Sephadex gel filtration.

A currently

This technique
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relies on the fact that when a mixture of molecules is passed through
a column of porous gel particles, the molecules appear in the elution
buffer in order of decreasing size.

It is thought that the molecules

pass through the column as a function of the area exposed to the
fluid eluting the column.
Although there is some uncertaintly in measurement due to size
and shape relationships, there is a correlation between molecular
weight and the behavior of molecules in gel filtration.

Andrews (79)

has used the gel filtration method with a number of proteins, and has
calculated molecular weights which approach known values with good
agreement.
The Sephadex G-200 column used in this study was allowed to
equilibrate with the elution buffer for one week prior to use.

This

was done to assure gel bed packing and to eliminate fluctuations in
the bed volume.

Samples were applied in 10% saturated ammonium

sulfate to increase the density of the protein solution and aid in
application.

Five to ten mg of each protein standard and unknown were

added to the column, and 6 ml samples were collected at 32 minute
intervals.

The samples were examined spectroscopically at 260, 280,

and 413 run.
Table 2 shows the results of the calibration runs; Table 3
shows the tabulated volumes; and the estimation of the molecular
weight is found in Figure 10.

This method shows the molecular weight

to be about 100,000.
b. Sephadex Thin Laver Gel Chromatography.--While column gel
filtration has long been used in molecular weight determinations, the
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TABLE 2
Results of calibration runs on Sephadex G-200 column for molecular
weight determinations.
Protein

Run 1
ml

Run 2
ml

Bovine serum albumin

279

285

d- -Globulin

187

185

186

186

Alcohol dehydrogenase

248

230

236

238

lun 3
ml

Average
ml
282
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TABLE 3
Tabulation of elution volumes of known proteins and of cytochrome b •
All known proteins plus cytochrome b~ were applied simultaneously. 5
Data in table 2 was used to locate tfie known proteins. Cytochrome b 5
was located by 413 nm readings.
Elution
Peak

Volume
ml

Protein Identity

Molecular Weight

1

187

~-Globulin

153,000

2

249

Alcohol dehydrogenase

126,000

3

282

Cytochrome b 5

100,000

4

353

Bovine serum albumin

67,000

35
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Figure 10.--Calibration Granh for Molecular Weight
Determination uslng Sephactex Gel Filtration.
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Thin Layer Gel method has only recently become known.

Thin Layer Gel

chromatography allows rapid determination of many samples on one
plate (75).
In this study, following the method of Wieland et al (80),
Sephadex G-200 Super-fine Gel was used.
calculated to be about 100,000.

The molecular weight was

See Figure 11.

c. Dodecyl Sulfate Polyacrylamide Gel.--The determination of
molecular weight of polypeptide chains in oligomeric proteins is an
important problem.

This study was undertaken to determine the effect

of a detergent on cytochrome b

5

and to act as a check on the

molecular weight of any possible protomers.
The protein was incubated at 37° for 2 hours in 0.01 M sodium
phosphate buffer, pH 7.0, 1% in sodium dodecyl sulfate, and 1% in
,8-mercaptoethanol.

After incubation, dialysis was undertaken for

several hours before running the gel electrophoresis for 4 hours.
Eight ma of current were applied for each gel run.
blue was used to stain the protein.

Coomassie brilliant

The graph showing the estimation

of the molecular weight is shown in Figure 10.

Two bands were observed

and the molecular weights of ·each were: 53,000 for the major band, and
13,500 for the minor band.

Plate I shows the gel for this experiment.

3. Electrophoresis
Disc gel electronhoresis is rapidly becoming a very respectable
form of protein analysis, and a variety of methods exist.

The method

used in this study was that of Bruening et al (71), and was performed
as described in the previous section.

Two dilutions of protein were
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PLATE I
DODECYL SULFATE POLYACRYLAMIDE GEL ELECTROPHORESIS

.... -

I

40

run: 0.8 mg/ml and 0.4 mg/ml.
The gels showed two red bands before staining.

Plate II shows

the gels run on samples taken from the second DEAE-Sephadex A-50
column, the G-200 column, and the final purification step, with the
two dilutions.

The series clearly shows the removal of several

unwanted protein hands.

Gels 3 and 4 show hut 2 major hands, while

3 shows an additional faint band.

The dilution indicates that the

contaminant is a minor one, as a 1/2 dilution caused the third, faint,
band to become nearly undetectable.
4. Analytical Ultracentrifugation
The analytical ultracentrifuge has become a very respected tool
in the examination of protein solutions.

Measurements of the

sedimentation velocity type make up the largest use of the instrument.
The reason is obvious.

A single experiment requires but a few milli-

grams of protein and in an hour or so of operation time, a great deal
of information can be obtained:

the presence of macromolecular species

can be detected, the amou&t present can be estimated, sedimentation
coefficients can he computed, molecular size can be estimated,
molecular heterogeneity can be detected, and the relative amount of
components can be estimated.
a.

llomogeneity.--In general, if the schlieren pattern is a

single, symmetrical peak which lasts for most of its passage across
the cell, the solute is said to be homogeneous.

Plate III shows

several frames of a sedimentation velocity run performed on a 5.0
mg/ml solution of cytochrome b 5 •

By the above criterion, the sample

is homogeneous in the analytical ultracentrifuge.
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PLATE II
POLYACRYLAftIDE GEL ELECTROPHORESIS
1. Second DEAE-Sephadex A-50 column. 2. Sephadex G-200 column.
3. Purified cytochrome b5. 0.8 mg/ml. 4. Purified cytochrome b5.
One-half dilution: 0.4 mg/ml.

I..,

I

I

I
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PLATE III
ANALYTICAL ULTRACENTRIFUGE RUN
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b.

Sedimentation Coefficient.--The sedimentation coefficient

can be calculated from the equation:
s =

1

dr
----

dt

2.303
m

-------

d lo~ x
(

--------),

60,..J.

dt

wheres= sedimentation coefficient, r = radial distance in cm,
t = time, x = radial distance measured on the photograohic plate,
w = angular velocity in radians/ sec.

log s vs time.

Figure 13 shows a plot of

The slope is the value of ~L~~g-~

.

Using the above

equation, the sedimentation coefficient (s20 ,w) is found to be 3.69.
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c.r.,2 = 3.948 x 107 radians ?er second.

SUMMARY
Cytochrome b 5 , with a 413/280 nm ratio of nearly unity,
has been isolated from porcine kidney by a combination of fractional
precipitation, ion exchange resins, and gel filtration procedures.
This work was undertaken initially to provide information about the
cytochrome which would allow its removal from other protein solutions
in which it was considered a major contaminant.
Spectral studies indicate that cytochrome b 5 is very stable
to treatment with heat.
denaturation.

Temperatures up to 50° show little or no

The protein has also been shown to be stable in the pH

range 6.0 to 8.5.
The oxidized form of cytochrome b 5 shows an absorption
maximum at 413 nm, while the reduced form shows three peaks: 423, 526,
and 556 nm.

It was found that cytochrome b

5

reduced by sodium hydro-

sulfite will autoxidize in less than 10 minutes at room temperature.
The determination of molecular weight of cvtochrome
given variable results.

hs has

Several methods have shown the protein to have

a molecular weight of 100,000, but studies in the nresence of the
anionic detergent dodecyl sulfate, show two forms with molecular
weights of 53,000 and 13,500.

This suggests the possibility of a poly-

mer formation with protomer units of 13,500, tetramers of 54,000, and
a polymer composed of eight units with molecular weight of 100,000.
It should be pointed out that disc gel electrophoresis experiments
using no detergent have shown the existence of two forms of the
45
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cytochrome.
While cytochrome b

5

isolated from many different tissues has

been previously investigated, only the present study has used no
protease, lipase, or detergent to release the cytochrome h

microsomes.

5

from the

The possibility exists that the cytochrome b5 found in

this study represents a cytochrome which has not as yet become attached
to the microsomes, and this form reflects that found in intact cells.
It is hoped that this study will lay a foundation for the isolation of
cytochrome hs in a more nearly natural form, and that this will
eventually lead to an understanding of its cellular function and
physiological action.
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THE PURIFICATION AND CHARACTERIZATION OF CYTOCHROME b 5
FROM PORCINE KIDNEY

M. Dean Klingler

Department of Chemistry
M,S. Degree, April 1973

ABSTRACT
A soluble form of cytochrome b5, with a 413/280 run ratio of
nearly unity, has been isolated and purified from porcine kidney using
fractional precipitation, ion exchange resins, and gel filtration
procedures.
The cytochrome b 5 shows heat stability up to 50° and is stable
in the pH range 6.0 to 8,5. The oxidized protein exhibits an
absorption maximum at 413 run, while the reduced form shows three peaks:
423, 526, 556 run. Molecular weight determinations have given variable
results, suggesting the possibility of a polymer composed of four and
eight units of a 13,500 molecular weight protomer. This study has
used no lipases, proteases, or detergents in the solubilization of the
cytochrome, and the possibility exists that the cytochrome found
represents newly formed cytochrome b 5 which is as yet unattached to
the microsomes, and which reflects the form found in intact cells.

